Recent discoveries of novel systemic fungal pathogens with thermally dimorphic yeast- Both species produce small yeast cells that bud at a narrow base at 37°C and lack
| INTRODUCTION
Recent discoveries of novel systemic human pathogens with a thermally dimorphic pathogenic phase that consist of budding yeast cells have challenged the current taxonomy of the family Ajellomycetaceae 
Another documented genus within the Ajellomycetaceae is
Emmonsia, until recently known mainly for species that cause pulmonary infections in small mammals. Until the description of Emmonsia pasteuriana in 1998, the genus Emmonsia contained two species: the genetically homogeneous Emmonsia crescens and a more diverse species, Emmonsia parva. 3 These are the aetiological agents of adiaspiromycosis, a pulmonary disease of terrestrial mammals and occasionally of humans. 4, 5 They differ from classical dimorphic pathogenic fungi by their pathogenic phase consisting of large, thick-walled adiaspores instead of budding yeast cells. Emmonsia crescens has adiaspores often over 100 μm in diameter and a maximum growth temperature of 37°C, while the adiaspores of Emmonsia parva are mostly 15-25 μm in diameter and the fungus grows up to 40°C. Multilocus phylogenetic analysis suggested these species to be less closely related than anticipated. 6 Taken together, the genetic evidence suggests that, in spite of striking morphological, ecological and pathophysiological similarities, aetiological agents of adiaspiromycosis are polyphyletic.
Emmonsia parva clustered with
Since the 1970s, novel pathogens have emerged with phylogenetic, morphological and clinical similarities to known members of the Ajellomycetaceae. Schwartz et al. [1] summarised reports of numerous additional human cases due to novel species in the family Ajellomycetaceae, most of which remained undescribed. Recently, Wang et al. [7] reported on another novel species from China. Several of these novel taxa are opportunistic pathogens of immunocompromised hosts, primarily persons infected with HIV. 1 An important emerging species associated with disease in advanced HIV infection was found in South Africa with at least 56 cases reported since being correctly identified in 2008. 8, 9 The agent causing this mycosis was closely related to Emmonsia pasteuriana, which is also known to infect patients with AIDS and patients with other immune disorders.
10-12
The present work studies the relationships of unclassified iso- ). We completed the first annotated genome assemblies for these novel species, which may guide the development of new diagnostics.
| MATERIALS AND METHODS

| Strains and phenotypes
Reference strains were taken from the collection of the
Centraalbureau voor Schimmelcultures (CBS) of CBS-KNAW Fungal
Biodiversity Centre, Utrecht, The Netherlands, the University of Alberta Microfungus Collection and Herbarium (UAMH), Devonian
Botanic Garden, Edmonton, Canada (now UAMH Centre for Global Microfungal Biodiversity, Toronto, Canada) and the National Collection of Pathogenic Fungi (NCPF), Mycology Reference Laboratory, Bristol, U.K., supplemented by kind donations of individual researchers.
Twenty-four strains were selected for detailed morphological and molecular study (Table 1) . These were part of a larger dataset comprising 109 strains, including outgroup (Table S1) Microscopic observations were done with slide cultures using MEA, as an optimal medium for conidium formation. with four simultaneous runs for 10 million generations, with a sampling frequency of 1000 trees. A burn-in tree sample of 25% was discarded. Bayesian posterior probabilities from 50% majority-rule consensus trees with a probability value higher than 0.80 were considered as significant.
| Genome sequencing and de novo assembly
Three strains were selected for genome sequencing, including Ea.
pasteuriana CBS 101426, and BP222 and CBS 136260 initially mentioned as Emmonsia sp.3 and Emmonsia sp.5 respectively 1 ( Table 1 ).
Genomic DNA of strain BP222, isolated from a brain abscess in an immunocompetent person in South Africa 24 was extracted and a library with insert sizes ranging from 500 to 1500 bp was sequenced on the Illumina MiSeq platform to obtain paired-end reads of 300 bp. Strain CBS 136260, isolated from a skin biopsy in an HIV-infected patient were assembled using the spaDes assembler v3.1.1. 27 Next, Pilon v1.16 28 was used to correct the best assembly from each species, resolving single nucleotide errors (SNPs), artifactual indels and local mis-assemblies, as previously described for Paracoccidioides species.
29
The 101-bp Illumina reads of Ea. pasteuriana were assembled using ALLPATHS-LG 30 with default parameters. All three de novo assemblies were evaluated using gaemr package (http://www.broadinstitute.
org/software/gaemr/), which revealed no aberrant regions of coverage, GC content or unexpected sequence similarity suggestive of contamination. Scaffolds representing the mitochondrial genome were separated out from the nuclear assembly.
| Gene prediction and annotation
Genes were predicted and annotated by combining calls from multiple methods to obtain the best consensus model for a given locus.
These included ab initio predictions (GlimmerHMM, Augustus, Snap, GeneMark-ES), homologous inference (Genewise, TBlastN) and gene model consolidation programs (evIDencemoDeler). 31 For protein-coding gene name assignment, we combined HMMER PFAM/TIGRFAM, Swissprot and Kegg products. Kinannote was used to annotate protein kinases. 32 To evaluate the completeness of predicted gene sets, the representation of highly conserved genes in a wide range of eukaryotic taxa (core eukaryotic genes; CEGs) were analysed using CEGMA genes 33 with the CoreAlyze tool (http://sourceforge.net/ projects/corealyze/).
| Identification of orthologs and phylogenomic analysis
To examine the phylogenetic relationship of novel sequenced species relative to other dimorphic fungi, single-copy orthologs of species from the family Ajellomycetaceae were determined and clustered using orthomcl (version 1. Multiple protein sequence alignment was performed for each singlecopy ortholog cluster using MUSCLE to generate sequence alignments of the same length. Then, the cluster multiple alignments were concatenated, and a phylogeny was estimated using raxml v7.7.8 22 with model PROTCATWAG with a total of 1000 bootstrap replicates.
| Data availability statement
The assemblies and annotations of the described species genomes were deposited at DDBJ/ENA/GenBank under the following accession numbers: strain BP222 (PRJNA284520), strain CBS 101426 (PRJNA234734) and strain CBS 136260 (PRJNA284519).
| RESULTS
| Multilocus phylogeny
To examine the phylogenetic relationships of the novel species, we (Figure 1 ).
The lower clade in Figure 1 (grey box) is clearly separated from
Blastomyces and Histoplasma, and has a large diversity of isolates, including emerging dimorphic species, and is here described as Emergomyces. Figure 2A ). Despite the smaller contig size in two assemblies ( 
| Phylogenomics of Emergomyces pasteurianus, Es. africanus and Blastomyces percursus
To compare gene content and conservation, we identified orthologous gene clusters in the three genomes sequenced here, Onygenales genomes of other dimorphic pathogens (Blastomyces, Histoplasma, Paracoccidioides and Coccidioides) and two dimorphic non-human pathogenic species, Ea. parva and Ea. crescens, the aetiological agents of adiaspiromycosis in small mammals. As outgroups, three Aspergillus genomes were also included. Using 2851 single-copy core genes present in all strains, we estimated a strongly supported phylogeny of these organisms using RAxML (Figure 3) . Blastomyces percursus clustered with the primary pathogen B. dermatitidis/B. gilchristii (100% bootstrap support).
Blastomyces sp. 2 (strain UAMH 139; formerly Ea. parva) was also closely related, branching earlier as a sister species within the Blastomyces clade ( Figure 3 ; green box). Es. africanus and Es. pasteurianus clustered in a single, strongly supported (100% bootstrap replicates) clade as sister species, and this clade was sister to Ea. crescens ( Figure 3 ; grey box). The
Ea. crescens -Emergomyces clade is a sister group of the clade including
Histoplasma and Blastomyces, with Paracoccidioides in a basal position. 
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| DISCUSSION
Recent reports document the emergence of infections in humans caused by new types of systemic thermo-dimorphic fungi over the past few decades. 1, 7, 9, 10, 12, 24, 25, [38] [39] [40] 47 Initially, these fungi were considered Emmonsia-like, based on the microscopic morphology of conidia, which cluster in florets on conidiophores. ; the number of reported cases was soon expanded to 52. 8 Fifty-one patients had advanced HIV disease, and one was a renal transplant recipient. Ninety-five per cent of patients had widespread skin lesions, which were protean and often misdiagnosed. Isolates were primarily cultured from skin and bonemarrow biopsies or blood culture. Another species, Es. orientalis has been described separately for a strain from Beijing, China causing disseminated infection in an individual with diabetes. 7 Other fungi appear to warrant placement in Emergomyces. These include a strain recovered from the lung tissue of a male with rheumatoid arthritis treated with low doses of corticosteroids in Germany 38 ( Figure 1 as 
